Abstract Terahertz (THz) quantum cascade lasers (QCL) operating round 2.9 THz are modified with longitudinal computer-generated hologram (LCGH) structures <3 mm in total length to achieve purely electronic discrete tuning on six modes spanning over 160 GHz. The behavior and digital frequency selection offered by LCGH QCLs is shown to be reproducible.
Introduction
Contrary to their traditional transverse counterparts, which provide directional control over incident waves, longitudinal computergenerated holograms (LCGHs) instead provide digital control in the frequency domain. Longitudinal holograms can therefore be a powerful tool in the design of photonic devices. An LCGH offers two key properties: high momentum-space (k-space) resolution, even for a relatively short structure, and the ability to tailor the spectral reflectivity at each resolvable k point to attain a target spectral response. An ideal system in which to demonstrate the control and flexibility offered by LCGHs is the terahertz (THz) quantum cascade laser (QCL), a state-of-the-art electrically driven semiconductor source. A particular problem for THz QCLs is the achievement of electronically tunable yet single frequency emission, which has conventionally been difficult to realize in a single device. Although coarse gain tuning in THz QCLs is possible via active region design, laser emission tends to be inherently multi-moded. Achieving multiple Bragg resonances within the gain bandwidth of a THz QCL -a prerequisite for switchable single-mode operation -presents particular technical difficulties. Furthermore, these resonances must be achieved with a compact system, compatible with the fabrication, powering and cooling constraints imposed by THz QCLs. Unfortunately, while single fixed frequency emission has been demonstrated many times, established approaches to tuning, such as sampled gratings, are not scalable to THz QCLs due to practical limits on device size. Equally, arrays of single frequency lasers are unappealing due to the requirement of additional driving electronics and collection optics. The properties of an LCGH provide an answer to this problem. Here we experimentally demonstrate this by introducing a short LCGH, with a large number of Bragg resonances, into a THz QCL waveguide in the form of a plasmonic grating. In this work, a QCL active region displaying course gain tuning with laser driving current was specifiaclly chosen. When combined with the Bragg resonances of an LCGH, a changing gain environment provides the means for laser action to switch between these resonances.
Fabrication and Measurement
Devices were fabricated from a molecular beam epitaxially-grown GaAs/Al 0.15 Ga 0.85 As active region, V557 (similar to that described in reference 1). They used semi-insulating surface plasmon (SI-SP) waveguides. Laser ridges were 180 µm wide, and ~6 mm in length. Each QCL was fully packaged and its performance characterized prior to the introduction of the LCGH grating.
Devices were cooled to 4.5 K in a Janis ST-100 continuous flow helium cryostat and all measurements were performed in pulsed operation (1% duty cycle, 1 µs pulse length). Power measurements were taken with a large area thermopile (calibrated to a Thomas Keating absolute THz power meter) placed inside the cryostat, directly in front of the QCL facet for high collection efficiency. High resolution (0.075 cm -1 ) emission spectra were recorded with a nitrogen-purged Bruker Vertex 80 Fourier Transform Infrared Spectrometer and a QMC helium-cooled bolometric detector.
The LCGH was introduced to the QCLs as a series of slits in the uppermost waveguide layers (metal and highly doped semiconductor layers above the active region) by focused ion beam (FIB) milling. The LCGH structure used is given in figure 1(a) , while its spectral power reflectivity response, calculated via Fourier transform (FT) 2 , is presented in figure 1(b) . It is this FT basis that allows multiple Bragg resonances to be created with a minimum normalized separation given by 1/N. However, to ensure highly delineated resonances every other resolvable k-point was chosen, resulting in a normalised target tuning step of 2×1/N = 0.01, using N = 200. The global shape of the LCGH response was tailored in an 978-1-55752-950-3/12/$31.00 ©2012 Optical Society of America attempt to follow the gain shape and evolution of V557, as indicated by the shaded region in figure 1(b) . The LCGH approach enabled the reduction in strength of the resonances in this region by placing additional resonances in distant parts of the spectral response.
Each milled LCGH slit had sub-micron in length and depth, and ran across 100 µm of the ridge width. Slit widths were deliberately kept narrower than the ridges to ensure electrical contact with the entire QCL; ridges were only wire bonded at either end. An image of a milled LCGH grating is presented in figure 1(c) . Figures 1(d) and (e) display cross-sectional fundamental mode intensity profiles for SI-SP waveguides with and without upper metal layers, along with their respective complex modal refractive index (n eff ) values, simulated using FIMMWAVE. The magnitude of ∆n suggested by the simulations is an overestimate; in reality a smaller value  is expected due to the extremely sub-wavelength slit dimension along the propagation axis. However, the simulations do reveal the possibility of a complex ∆n, the imaginary component of which will influence the final lasing mode solutions.
Devices were re-characterized after FIB milling. Two-stage device characterization enabled the effect of the LCGH on the QCL to be clearly discerned.
Results
Measured emission spectra from a V557 THz QCL (device A) with Fabry-Pérot (FP) cavity feedback are given in figure 1(f) , showing highly multi-moded behavior and a current dependent gain distribution. This was typical of all V557 FP QCLs. In contrast, figure 1(g) shows the measured emission spectra from device A after LCGH milling (using Λ = 13.72 µm) at similar driving current densities 3 . After milling we observe discretely tunable emission on six frequencies between 2.860 THz and 3.024 THz. The average frequency spacing of ~33 GHz (0.011f B ) is in very close agreement with the resonance spacing of the LCGH (0.01f B ). Similar performance was recorded in a second LCGH-QCL (device B), using a value of Λ = 14.10 µm to match a slightly offset gain position. Once again six discretely tunable modes were observed, with an average spacing of 0.0095f B . For comparison, the spectra of devices A and B are presented together on a normalized frequency scale in figure 2(a) . Despite an absolute frequency offset of ~80 GHz, the two sets of spectra are closely matched on the normalized frequency scale. Figure 2(b) shows the operating ranges of the dominant modes in both devices, plotted against the driving current condition in terms of J th , the threshold current density. These results confirm both the reproducibility and scalability of the LCGH-QCL approach. Figure 3 (a) displays selected emission spectra from a third V557 LCGH-QCL, device C, again with Λ = 14.10 µm but a slightly deeper LCGH milling depth 3 . Although the deeper milling produced stronger Bragg reflectivity resonances, hindering mode switching, these data do show the side-mode suppression ratio (SMSR) achievable with the LCGH technique. After correcting for water absorption all three modes in device C have an SMSR ≥ 20 dB.
It must be noted that the introduction of an LCGH to a QCL slightly increases its waveguide losses. Figure 3(b) shows the electrical and optical power performance of device B before and after FIB milling. A slight increase in the laser threshold current density is observed, along with a drop in output power, although ~70% of the original THz power is preserved.
Conclusions
Electronically controllable single-mode discrete tuning has been achieved in THz QCLs by imposing an LCGH with multiple Bragg resonances, designed to harness the underlying gain evolution of the QCL active region. The high k-space resolution possible in an LCGH enabled an average frequency tuning resolution of ~33 GHz to be achieved using an LCGH with a length of <3 mm.
Beyond the digital frequency selectivity demonstrated in this work, LCGHs can be harnessed to produce arbitrary photonic responses and may find uses in a wide number of optical and laser systems at other wavelengths. 
